An advanced organometallic catalyst based on N-heterocyclic carbene (NHC) coordinated FeCl 3 has been synthesized and used to control the reaction rate in polyurethane (PUR) polymerization. The imidazolium (Im)-based NHC was functionalized on the surface of the supporting material of bead-type chloromethyl polystyrene (PS) resin. The PS-Im-FeCl 3 catalyst was synthesized through the coordination reaction between Im and FeCl 3 . The successful formation, functional groups, structure, and geometry of the PSIm-FeCl 3 catalysts were confirmed by Fourier transform infrared and X-ray photoelectron spectroscopy techniques. A thin layer of Im was observed to be coated uniformly on the PS bead surface and FeCl 3 nanoparticles were observed to cover the coating layer homogeneously, as determined by fieldemission scanning electron microscopy, transmission electron microscopy, and energy dispersive X-ray spectroscopy measurements. The PUR polymerization reaction was investigated through viscosity measurements and non-isothermal activation energy calculations by differential scanning calorimetry analysis. Based on the viscosity measurements, delayed PUR polymerization was achieved using the PSIm-FeCl 3 catalyst system. The highest viscosity (6000 cP) was achieved without any catalyst, with triphenylene bismuth, and with the PS-Im-FeCl 3 catalyst after 23, 5, and 25 h of reaction time, respectively. Furthermore, the calculated activation energies (E a ) were 27.92 and 36.35 kJ mol À1 for the no-catalyst and the PS-Im-FeCl 3 systems, respectively. Thus, the viscosity measurements and DSC analyses confirm that the PS-Im-FeCl 3 catalyst considerably increases the PUR reaction time. The ImFeCl 3 catalyst supported by CMPS can control the reaction rate in PUR synthesis because of its high activity. Thus, the PS-Im-FeCl 3 catalyst can be used as a curing retardant in the PUR industry.
Introduction
Complex catalysts specically organometallic catalysts are used to enhance the organic chemical reactions.
1 Polyurethane (PUR) is an important target of research and development because of its use in sealants, adhesives, and coating materials.
2 PUR is effectively considered as a blowing agent for polymer-bonded explosives (PBX) and bonding agent for rocket propulsion. 3, 4 In PBX systems, retardation of PUR polymerization is required to improve the ow-ability in the Reaction Injection Molding (RIM) process for increasing the long pot lifetime. The two-component polyurethane system (2K-PUR) is the preferred and most commonly used polyurethane process. 5 In 2K-PUR, one component is a reagent containing a hydroxyl group, and the other component is a reagent containing an isocyanate group. 6 The curing reaction and properties of PUR can be controlled and modied using a catalyst. As PUR polymerization catalysts, organic compounds such as diazabicyclooctane (DABCO), N-alkyl morpholines, amidines (like 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU)), and dibutyltin dilaurate (DBTDL) have been considered over the past few decades. [7] [8] [9] [10] These catalysts cause fast curing because of the highly electrophilic isocyanate group, which is activated by Lewis acid. In addition, tertiary amines activate the alcohol, thus increasing the nucleophilicity of the alcohol substrate. Therefore, the polyurethane is rapidly cured at room temperature. 2, 11 Because of this activity, the above-mentioned catalysts cannot be used to delay the polymerization reaction.
Currently, phenylmercury neodecanoate (PMND) and mercury-based catalysts are considered as suitable delayed-action PUR catalysts. However, these catalysts do not satisfy the requirements for delayed PUR polymerization because of their environmental issues and heavy metal content. 12, 13 Alternatives such as organic bases, N-heterocyclic carbenes (NHC), organic acids, and organic-metal complex catalysts have been studied as polyurethane catalysts. 1, [14] [15] [16] [17] [18] [19] [20] [21] [22] The organic base catalysts of 3-caprolactone and d-valerolactone have been used as ringopening polymerization catalysts. 20, 23 Alsarraf et al. investigated the polymerization performance using bicyclic pentaalkylated guanidine and a conventional tin catalyst. 22 In addition, in pursuit of effective synthetic processes, organic acid catalysts have been used for polyurethane polymerization. However, the performance of acid catalysts is lower than that of commonly used metal catalysts. 24 As an example, the polymerization activity of isocyanate and alcohols with the organic acid was lower than that of metal-based tin catalyst. 25 Alsarraf et al. developed a new type of polyurethane delay guanidine catalyst, but it showed inferior PUR polymerization activity at room temperature and the same performance as commercial catalysts in terms of thermal activity. 8 Tertiary amine blocks have also been used as polyurethane polymerization retardant. During the PUR process, the amine catalyst gradually dissociates during urethane to polyurethane polymerization with heating, which improves the owability of the RIM system.
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NHC (also denoted as Im), which produce stable metal compounds with ve-membered to seven-membered ring systems including benzimidazolium, triazolium, imidazolium, imidazolinium, pyrazolium, and pyrimidinium have been reported for various applications. [27] [28] [29] [30] [31] Recently, polymer synthesis using NHCs has been reported and has received wide attention for its effectiveness when used to delay the PUR condensation reaction. 1, 8, 12, 15 Among the NHC catalysts, imidazolin-2-ylidene carbene has drawn signicant attention because of its structure and stability.
1 In addition, it has several advantages, such as nucleophilic organic catalytic properties and the ability to form complexes with transition metals. During the PUR process with NHC-based catalysts, (i) the free NHC species contributes to PUR formation, (ii) the free metal activates the isocyanate, and (iii) the NHC carbene interacts with polyol. In this process, the activated polyol reacts with isocyanate, and the polyurethane polymerization reaction is delayed. Thus, NHC-based delayed-action catalysts have emerged for industrial use because they can form polymer networks at specic temperatures. 32, 33 Another advantage of NHC-based delayed-action catalysts is that the PU condensation reaction can be carried out without heavy metal catalysts. Recently, the formation of NHCs with CO 2 and various metal salts has been demonstrated.
1,29 Naumann et al. 34 reported the comparative performance of NHC-based catalysts and commercial (DBTDL and PMND) catalysts for polyurethane production at room temperature. Notably, the performance of the NHC-based metal adduct showed excellent activity during PUR polymerization. In addition, a new class of NHC-Mg, NHC-Al, NHC-Zn, and NHC-Sn catalysts have been reported. 1, 8, 12, 30, [35] [36] [37] However, reports of NHC-metal adducts for PUR polymerization are still scarce. Considering these factors, we have developed an NHC-FeCl 3 complex catalyst supported on chloromethyl polystyrene (CMPS) beads for delayed PUR synthesis. The catalyst is prepared via a facile synthetic process. The structural and microstructural properties of the catalyst have been analyzed using spectroscopic and microscopic techniques. In addition, the catalytic activity, degree of polymerization, and process have been analyzed using viscosity measurements and differential scanning calorimetry analyses.
Materials and methods

Reagents and analysis
Dimethylformamide (DMF, 99%), tetrahydrofuran (THF, 99%), dichloromethane (DCM, 99.8%), and 1-methylimidazolium (99%) were purchased form Duksan Pure Chemicals Co., Ltd. Methanol (MeOH, 99.9%, Daejung Co., Ltd), chloromethyl polystyrene (CMPS, BeadTech), potassium tert-butoxide (98%, Acros Organics), iron(III) chloride (FeCl 3 , 98%, Samchun), isophorone diisocyanate (IPDI, 98%, Sigma-aldrich) and hydroxylterminated polybutadiene (HTPB, Samyang ne chemical Co.,Ltd.) were purchased and used without further purication. For the synthesis of PS-Im-FeCl 3 , the as-prepared PS-Im beads were placed in 100 mL of THF/DMF (1 : 1) with continuous stirring in a 100 mL three-neck round-bottomed ask. Aer complete dispersion of the PS-Im beads, a desired amount of iron(III) chloride (0.0146 g, 0.9 mmol) and potassium tert-butoxide (0.011 g, 1 mmol) were added to the bead suspension, and the suspension was stirred at 80 C for 8 h under nitrogen atmosphere. Aer the reaction had completed, the resultant material was ltered through a 150-mesh standard screen with DMF, MeOH, and salt water (30%). The obtained solid products were dried in a vacuum oven. This synthetic method for PS-ImFeCl 3 was followed and inspired by Kim et al., 37 and a schematic of the preparation of PS-Im-FeCl 3 is shown in Fig. 1 .
Structural and microstructural characterization
The functional groups of the as-received and as-synthesized materials were conrmed using Fourier transform infrared (FTIR) spectrometry in attenuated total reectance (ATR) mode (Thermo Nicolet iS5). The elemental compositions and binding energies of the materials were analyzed by X-ray photoelectron spectroscopy (XPS, VG Multilab 2000). The surface morphology was analyzed using a eld emission scanning electron microscope (FE-SEM) with attached energy dispersive X-ray (EDX) spectrometer (Jeol/Oxford, JSM-7500F+). The surface properties, particle size, and presence of elements in the asprepared materials were determined using a transmission electron microscope (TEM) (Jeol JEM-2100F).
Polyurethane polymerization process
To investigate the effect of the catalyst on the PUR polymerization process, hydroxyl-terminated polybutadiene (HTPB, 14 g), isophorone diisocyanate (IPDI, 1.11 g), and as-synthesized PS-Im-FeCl 3 catalyst (0.14 g) were mixed in a batch-type reactor. To obtain PUR, the polymerization reaction was carried out with continuous stirring at 60 C. A similar synthetic process was carried out without the addition of the PS-Im-FeCl 3 catalyst (denoted the no-catalyst system). In addition, a commercial triphenylene bismuth (TPB) catalyst was used for comparison with PS-Im-FeCl 3 . To determine the PUR polymerization degree, a Brookeld viscometer was used. This was used to monitor the polymerization process based on the viscosity of the reactant solution at 60 C.
PUR polymerization degree measurements
The degree of polymerization was measured by two different methods. First, the polymerization degree was determined based on the change in viscosity of the reactants, measured using a rotary viscometer (Model 98936, Cole-Parmer). An electric furnace was used to control the curing temperature. The viscosities of the samples were measured at specic time intervals. Secondly, the degree of polymerization degree was determined using differential scanning calorimetry (DSC 131-EVO) through activation energy calculations. To assess the polymerization reaction by DSC quantitatively, a desired amount of sample (ca. 8-10 mg) was weighed and loaded into an aluminum DSC pan. Thermal (non-isothermal) analysis was conducted by increasing the temperature constantly from room temperature to 400 C. The DSC measurements were carried out 
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Results and discussion
The functional groups on CMPS and the as-prepared Imfunctionalized PS (PS-Im and PS-Im-FeCl 3 ) were examined via FT-IR analysis. Fig. 2 shows the FTIR data of the CMPS, PS-Im, and PS-Im-FeCl 3 catalyst materials. In the spectra of all materials, peaks at 1452 and 1492 cm À1 correspond to the benzene overtones and the benzene C]C stretching vibrations in CMPS, respectively. The peaks observed at 696 and 759 cm À1 related to C-H out-of-plane bending and C-H bending vibrations, respectively. Furthermore, the presence of methylene and methylene groups in CMPS was conrmed by the presence of peaks between 2824 and 2975 cm À1 . 40, 41 In the spectra of PS-Im and PS-Im-FeCl 3 , new peaks appeared around 1151, 1253, 1384, and 1362 cm À1 , which correspond to the quaternary ammonium, amide CN stretching, imidazole ring skeleton stretching vibration, and C]N stretching of imidazolium, respectively.
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Thus, the functionalization of PS by the NHC in PS-Im was conrmed. Furthermore, a small peak shi was observed in the imidazolium group peaks in the spectrum of PS-Im-FeCl 3 compared to those in the spectrum of PS-Im; this is caused by the coordination of imidazolium to FeCl 3 .
To investigate the Im-FeCl 3 complex on PS, the as-prepared materials were analyzed by XPS. Fig. 3 shows the XPS results of (a) CMPS, (b) PS-Im, and (c) PS-Im-FeCl 3 . As shown in Fig. 3(a) , the peaks at 200.8, 285.08, and 532.08 eV correspond to Cl, C, and O, respectively, which is consistent with the elemental content of CMPS. 43 In the spectrum of PS-Im, an additional N peak was observed at 401.8 eV, 44 as shown in Fig. 3(b) . Thus, we conrmed that the PS-Im structure had formed. The coexistence of Fe in PS-Im was also conrmed by XPS measurement of PSIm-FeCl 3 , as shown in Fig. 3(c) . This is mainly attributed to the coordination of PS-Im and FeCl 3 . Comparing Fig. 3(b) and (c), a shi in the N1s peak can be seen. The XPS deconvoluted curves of N1s and Cl2p are shown in the ESI (Fig. S1(a-d) †) . The N1s peaks at 401.8 and 400.08 eV in the spectra of PS-Im and PSIm-FeCl 3 conrm the presence of quaternary ammonium and trialkylamine groups, respectively. To conrm the coordination bond between FeCl 3 and PS-Im, the XPS spectra were magnied and peak tting was carried out for Fe, as shown in Fig. 3(d correspond to trivalent Fe, 45 whereas the peaks at 710.54 and 723.44 eV correspond to the divalent state, 45 which is attributed to the coordination of the metal in PS-Im-FeCl 3 . Thus, the coordination reaction of FeCl 3 with Im occurred, 37 and the presence of a coordinate bond between FeCl 3 and PS-Im has been conrmed.
Surface analysis was carried out via SEM characterization to observe the structural and morphological properties of the asprepared materials. The surface morphologies of CMPS, PSIm, and PS-Im-FeCl 3 are shown in Fig. 4 . As shown in Fig. 4(a) , as-received CMPS has a spherical structure with a smooth surface. However, the surface morphology has been modied aer reaction with imidazolium, as shown in Fig. 4(b) . In the SEM image of the modied CMPS beads, the imidazolium has formed a layer on the surface of the spherical CMPS beads. The changed surface morphology is mainly due to the coupling reaction of imidazolium on the CMPS beads. The SEM image of PS-Im-FeCl 3 in Fig. 4(c) shows that the small-sized particles on the spherical surface of PS-Im. In addition, the FeCl 3 particles are homogeneously dispersed on the surface. Thus, the SEM micrographs conrm the successful formation of PS-Im-FeCl 3 , which results from the cohesion of FeCl 3 because of the formation of a coordination bond between FeCl 3 and Im. TEM and EDX analyses were used to conrm the formation of PS-Im-FeCl 3 . Fig. 5 shows the TEM image and EDX pattern of the as-synthesized PS-Im-FeCl 3 catalyst. As shown in the TEM image ( Fig. 5(a) ), a thin layer is coated uniformly on the PS bead surface, which conrms the formation of the Im on PS. Furthermore, FeCl 3 nanoparticles are attached over the surface. The particles are coordinated to the outermost layer of the Im because Im exists in multiple amorphous layers on the PS beads. Additionally, consistent with the SEM observations, the particles are uniformly distributed on the PS-Im. To investigate the uniform dispersion of the Im-FeCl 3 catalyst on the PS beads, EDX analysis was carried out. The EDX spectra (Fig. 5(b) ) reveal that C, N, O, Cl, and Fe were present in PS-Im- Aer successful preparation of the PS-Im-FeCl 3 catalyst, it was used for PUR polymerization. A schematic of the catalyst mechanism for PUR polymerization is shown in Fig. 6 . A possible reaction of PS-Im-FeCl 3 during thermal treatment is represented in Fig. 6(a) . At elevated temperatures, the catalyst 1,12,34 can be activated and initiated to separate the PS-Im and FeCl 3 from the PS-Im-FeCl 3 catalyst system. Fig. 6(b) shows a probable reaction mechanism for the polymerization of PUR via the PS-Im-FeCl 3 catalyst. The required quantities and operating parameters for PUR polymerization are given in polyurethane polymerization process section. As shown in Fig. 6(b) , the initial step of the reaction involves the breakage of the coordination bond between PS-Im and FeCl 3 as a function of temperature. Aerwards, the Im interacts with the polyol and, simultaneously, the metal chloride reacts with isocyanate. Here, the Im activates the polyol by acting as a Lewis acid, and the isocyanate is activated by the electrophilic reaction with FeCl 3 . During this process, polyurethane polymerization occurs by reaction between the polyol and isocyanate. 1, 12, 24, 25, 34 Viscosity measurements are oen used to optimize the polymerization reactions. 46, 47 To measure the rate of time delay for the curing of polyurethane (PU), viscosity analysis was carried out at 60 C. The viscosity measurement data for PUR polymerization with TPB, PS-Im-FeCl 3 , and no catalyst are shown in Fig. 7(a) . Fig. 7 (b) displays the digital photographs of PUR aer the polymerization reaction without catalyst and with TPB and PS-Im-FeCl 3 . Compared to the conventional TPB catalyst, delayed polyurethane curing occurred when no catalyst and as-prepared PS-Im-FeCl 3 catalyst was used as shown in Fig. 7(a) . For the TPB catalysts system, the viscosity rapidly increased to 6000 cP aer 3 h of reaction; thus, the commercial TPB catalyst cannot be used to retardant PUR polymerization. In the no-catalyst system, a stable viscosity was obtained up to 8 h of polymerization reaction. The viscosity in the no-catalyst system gradually increased to 1025 cP over 14 h. However, the polymerization rate increased aer 14 h, where the viscosity reached 6000 cP within 23 h. In comparison with the no-catalyst system, the delayed PUR polymerization effect was improved when using PS-Im-FeCl 3 , as shown in Fig. 7(a) and Table S1 . † Similar to the no-catalyst system, the polymerization reaction did not occur before 8 h of reaction. Aerward, the viscosity slightly increased with increasing reaction time, up to 15 h. The viscosity of the system with PS-Im-FeCl 3 was 418 cP at 15 h, which is considerably lower than that of the system without catalyst (2052 cP at 15 h) under identical conditions. Furthermore, the highest viscosity point of 6000 cP was obtained for the PS-Im-FeCl 3 system aer 25 h of reaction time, which is longer than those of the TPB catalyst (5 h) and no-catalyst systems (23 h). Therefore, the PS-Im-FeCl 3 catalyst is effective in delaying PU polymerization. Based on these viscosity measurements, the PS-Im-FeCl 3 catalyst can be considered as a delayed-action catalyst for commercial polyurethane curing. Furthermore, because TPB was not suitable as a delayed PUR polymerization catalyst (based on the rapid PUR curing 39, 48 ), we did not use it further analyses.
To investigate PUR polymerization, DSC analysis was performed to identify the curing temperature. 39, 49 A comparative DSC analysis of (a) no-catalyst and (b) PS-Im-FeCl 3 systems at 5 C is shown in Fig. S2 . † So curing occurred during the initial PUR polymerization process, and the obtained curing peaks at 149 and 170 C correspond to the no-catalyst and PS-Im-FeCl 3 systems, respectively. The kinetics of the PUR polymerization reaction is considerably lower in the PS-Im-FeCl 3 system than that of the no-catalyst system. The catalyst materials are activated during the thermal treatment, which is the reason for the change in PUR polymerization temperature and activation kinetics. To calculate the activation energy for PUR polymerization, DSC measurements were carried out at various heating rates. Fig. 8 shows the DSC curves of (a) no-catalyst and (b) PSIm-FeCl 3 catalyst systems at different applied heating rates (5, 10, and 20 C). To determine the reaction kinetics and activation energy, the initial so curing peak was considered, as shown in Fig. 8 . By increasing the heating rate, the curing peak position shied to higher temperatures. The so curing peak positions of the no-catalyst and PS-Im-FeCl 3 catalyst systems are tabulated in Table 1 . The activation energy of the PUR polymerization was calculated using the Kissinger equation.
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Here, b is the heating rate, T P is the absolute temperature of the rst curing peak (K), R is the gas constant (8.314 J mol respectively. Compared to the no-catalyst system, the activation energy when using the PS-Im-FeCl 3 catalyst for PUR polymerization is higher. Thus, we have conrmed that the PS-Im-FeCl 3 catalyst can considerably reduce the reaction kinetics and increase the reaction time for PUR polymerization. In addition, the experimental results conrm that the PS-Im-FeCl 3 catalyst is an effective catalyst for delaying PUR polymerization.
Conclusions
The PS-Im-FeCl 3 catalyst was successfully synthesized, and its structural/microstructural properties were investigated through sophisticated characterization techniques. In addition, the catalyst was tested for its ability to delay the PUR polymerization reaction. The formation of PS-Im-FeCl 3 was conrmed by FTIR and XPS analyses. Based on TEM measurements, we found that a thin layer of Im was coated on the surface of the PS bead support, and FeCl 3 nanoparticles were homogeneously anchored on the Im via coordination bonds between Im and FeCl 3 . The asprepared PS-Im-FeCl 3 catalyst was introduced to the PUR polymerization system, and polymerization was carried out. Viscosity measurements with respect to time, as well as DSC analysis were carried out during the reaction. Furthermore, the catalytic effect and PUR performances of the PS-Im-FeCl 3 catalyst were compared to those of the no-catalyst and commercial TPB catalyst systems. Time-delayed PUR polymerization was achieved for the PS-Im-FeCl 3 (25 h) catalyst system compared to the commercial TPB catalyst (5 h) and no catalyst (23 h). Furthermore, the resulting activation energies of the no-catalyst and PSIm-FeCl 3 catalyst systems were found to be 27.92 and 36.35 kJ mol
À1
, respectively. A higher viscosity with time and higher activation energy for PUR polymerization were obtained with the PS-Im-FeCl 3 catalyst compared to that of the other tested systems. Therefore, the PS-Im-FeCl 3 catalyst is suitable for delayed PUR curing, as well as other potential applications.
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